Possible dimerization patterns and electronic structures in fullerene tubules as the π-conjugated systems are studied with the extended Su-Schrieffer-Heeger model.
INTRODUCTION
Recently, a new form of carbons, "fullerene tubules", has been synthesized [1] .
A tubule has the structure like a cylinder made from a graphite sheet. The typical diameter of the tubules is of the order of one nanometer. The maximum length of the tubules is more than one micrometer. Thus, a tubule can be regarded as a new one-dimensional conductor.
The electronical properties have been theoretically calculated [2] . A tubule can show metallic or semiconductor-like properties, depending upon its geometry. In these studies [2] , all of the carbon atoms have been assumed to be equivalent. The possibility of the bond alternation patterns (namely the dimerizations) has not been considered yet. The occurrence of dimerizations would be quite interesting when we regard tubules as quasi one-dimensional π-conjugated systems.
In this report, we extend the Su-Schrieffer-Heeger (SSH) model [3] of conjugated polymers in order to apply to fullerene tubules. The electronic properties and the possible dimerization patterns are analyzed by using the finite-size scaling method [4] . We will obtain the Kekulé structure for the nearly-metallic tubules, and the chain-like distortion for the semiconductoring tubules.
MODEL
The following extended SSH hamiltonian [4] is applied to various geometries of fullerene tubules:
Here, c i,σ is an annhilation operator of a π-electron; the quantity t 0 is the hopping integral of the ideal undimerized system; α is the electron-phonon coupling; y i,j
indicates the bond variable which measures the length change of the bond between the i-and j-th sites from that of the undimerized system; the sum is taken over nearest neighbor pairs ij ; the second term is the elastic energy of the lattice; and the quantity K is the spring constant. The model with the given geometry of the tubule is solved with the assumption of the adiabatic approximation and by the iteration method. The periodic boundary condition is called for also.
The value t 0 = 2.5eV is taken from that of graphite and polyacetylene [4] . We use When there is a non-zero electron-phonon coupling, several kinds of bond ordered configurations can be expected. The most characteristic pattern in the two dimensional graphite plane is the namely Kekulé structure. The pattern is superposed with the honeycomb lattice in Fig. 1 . The short and long bonds are indicated by the thick and normal lines, respectively. This pattern is commensurate with the lattice structure for the tubules with m − n being multiples of three. Therefore, the Kekulé structure is one of the candidates of stationary solutions. For other tubules, the Kekulé pattern is forbidden due to the structural origin. In contrast, patterns, where trans-polyacetylene-chains are connected by the long bonds in the transverse direction, can be realized for any set of (m, n). This will be discussed in relation with Figs. 4 and 5.
We shall explain our strategy of the investigation. When the origin (0, 0) is combined with (5, 5), we obtain a nonhelical tubule. Ten carbons are arranged in a ring along the tubule axis. When we make the tubule (6, 4) furthermore, we cut all the rings in the tubule (5, 5) and connect the neighboring rings each other. The tubule becomes helical. If we connect next nearest neighboring rings, we obtain the tubule (7, 3). The tubule becomes more helical. When we repeat the above -3 -procedure further, we obtain the nonhelical tubule at (10,0). We pursuit changes in dimerization patterns and electronic energy levels, starting from the tubule (5, 5).
KEKULÉ STRUCTURE
We have actually obtained the Kekulé structure as the most stable solution for the tubules, (5,5) and (8,2). In these tubules, the Kekulé pattern is commensurate with the geometrical structure. We discuss variations of the energy gap and the bond variables as functions of the carbon number N. 
CHAIN-LIKE DISTORTION
We discuss about the tubules, (6,4) and (7, 3) . In these tubules, the Kekulé pattern is automatically excluded owing to the boundary condition. We have obtained the solutions where the trans-polyacetylene chains are arranged along almost the tubular axis.
We call this pattern "chain-like distortion". Note: In order to obtain figures, please contact with the following address: harigaya@etl.go.jp. The figures will be sent by the conventional mail.
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